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Leaf Area Dynamics and Stocking Relationships of Multi-Aged Lodgepole Pine Stands in 
western and central Montana. 
The distribution of leaf area index (LAI) and age structure of even- and multi-
aged lodgepole pine stands was examined in three study areas in western and 
central Montana. LAI and stand volume increment were generally higher in 
multi-aged stands. Growing space efficiency (GSE), or the ratio of stand volume 
increment to leaf area was the same for both even-aged and multi-aged stands. 
Cohort GSE generally increased with increasing age of the cohort. Individual 
tree increment was strongly related to leaf area when stands were divided by age 
classes or canopy strata. A stocking assessment model was constructed to 
compare different multi-aged stand structures for lodgepole pine. The model 
allows users to allocate leaf area, as representative of growing space, to age 
classes or canopy strata. Guidelines developed with this model can assist land 
managers with the design and implementation of multi-aged strategies for 
lodgepole and predict some of the consequences of these stands such as periodic 
volume increment and tree vigor. 
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Introduction: 
Lodgepole pine (Pinus contorta var. latifolia) is one of the most common forest types 
found in the central and northern Rockies covering an estimated 16.8 million acres in this region. 
It is also the most widely distributed conifer in western North America (Wheeler, N.C., and W.B. 
Critchfield 1984). The standard management regime for lodgepole pine stands has traditionally 
been clearcutting and natural regeneration of even-aged stands. Lodgepole pine stands are 
particularly susceptible to several major disturbance agents such as: fire, fungal pathogens, 
mistletoe, and insects. Clearcutting was previously thought of as the best form of management to 
mimic the natural process of fire in lodgepole pine stands. 
The American public has become increasingly adverse to the appearance of clearcuts in 
the national forests and other forested lands. This public adversity has led forest managers to 
seek new alternative ways of cutting and harvesting timber from the forests. Forest Service land 
managers are now interested in managing forest lands with aesthetics and landscape appearance 
as objectives as well as more traditional objectives such as wildlife habitat and timber 
production. Multi-aged management of lodgepole pine is often not considered and/or overlooked 
due to its potential for increasing the susceptibility to mountain pine beetle and dwarf mistletoe. 
Therefore, forest managers, particularly USD A forest and land managers in the Northern Rocky 
Mountain Region, lack alternative strategies for managing lodgepole pine in any structure other 
than even-aged. 
Multi-aged management creates stands composed of two or more age classes and has 
been believed to promote disease, susceptibility to insects, and general lack of vigor in lodgepole 
pine stands. Lodgepole pine is a shade intolerant species, and it is believed that it will not grow 
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well under the shaded conditions of a multi-aged stand. More recent evaluations of mature 
lodgepole pine stands have found instances of lodgepole pine naturally occurring in a multi-aged 
structure (Tande 1979, Arno 1980, Arno et al. 1993, Stuart 1984, Agee 1993). The processes 
believed to necessitate the even-aged management of lodgepole pine: insects, dwarf mistletoe 
and fire; also facilitate the creation of multi-aged stand structures. Insects can infest and kill 
several trees at a time; not the entire stand. Fire can partially kill the stand or sweep through one 
part of it opening up gaps and allowing more light through the canopy to aid in regeneration. 
Different researchers found that lodgepole pine could occur in a great diversity of structures; in 
two aged, single or two storied stands; in three aged, two or three storied stands; and even-aged 
to broad-aged , multi-storied stands (Tackle 1955). 
Currently there are no guidelines for managing the lodgepole pine tree species in multi-
aged structures. The basal area- maximum diameter-q (BDq) approach (Guldin 1991) and 
allocation of stand density index to size classes (Long and Daniel 1990) are two methods for 
guiding multi-aged stocking control. The BDq approach uses a negative exponential diameter 
frequency distribution to guide stocking. The BDq approach really can't be used effectively in 
stands with two age classes because they often have a bi-modal diameter distribution. Stand 
density index (SDI) method can allocate SDI to different size classes. There are no guidelines, 
however, for how much SDI should be allocated to each size class, making these distributions of 
SDI arbitrary. 
This study assesses stocking relationships for managing lodgepole pine {Pinus contorta) 
in a multi-aged structure in western and central Montana based on the observed distribution of 
leaf area among different cohort or age classes of trees within a stand. This stocking method will 
incorporate age structure by dividing stands into cohorts and canopy strata. Growing space 
requirements for each cohort or canopy strata will be determined and integrated into the stocking 
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control methodology. This study is limited to even-aged and multi-aged lodgepole pine stands in 
western and central Montana. 
The methodology used in this research was recently developed for a ponderosa pine 
(Pinusponderosa) study (O'Hara and Valappil 1995, O'Hara 1996). The ponderosa pine study 
used potential leaf area to represent total available growing space for that site (O'Hara 1988). 
Leaf area index was then allocated among different age classes to create a variety of stand 
structures as a method of stocking control. 
Objectives and Hypotheses: 
The objectives of this study were to compare mean leaf area index (LAI) in even-aged and 
multi-aged stands of lodgepole pine, and to compare mean LAI among the different cohort 
classes in the multi-aged stands. Another objective of this study was to evaluate forest health 
using growing space efficiency values (GSE)s as an indicator of tree vigor. 
A final objective of this study was to assess stocking relationships in multi-aged 
lodgepole pine in western and central Montana. Stocking relationships were to be assessed by 
determining: whether volume increment could be predicted from individual tree leaf area, 
whether a relationship existed between SDI and LAI, and whether SDI and basal area per 
canopy strata or cohort could be predicted from LAI. 
1. Compare mean leaf area index (LAI) in even-aged and multi-aged stands of lodgepole pine. 
Ho. [i LAI ua |iLAIea. 
Hi: not H0 
2. Compare mean leaf area index among the different cohort classes in the multi-aged 
lodgepole pine stands. 
H0: |j.LAI| = jj.LAI2 =|J.LAI3 = ... JJ. LAIK 
Hi: notH0. 
3. Compare mean growth-efficiency values between cohort classes within the multi-aged stands 
of lodgepole pine. 
H0: |iGSEi= |aGSE2= ...|xGSEK 
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Hi: not H0. 
4. Create guidelines for managing lodgepole pine in a multi-aged structure in western and 
central Montana. 
A. To assess stocking relationships: 
a) Determine if a relationship exists between leaf area index of the sampled 
plots and Stand Density Index (SDI). 
H0: No relationship exists between Stand Density Index (SDI) and calculated 
LAI. 
Hi: A relationship exists between SDI and the calculated LAI. 
b) To predict SDI and basal area per cohort class or canopy strata using a 
model that would be developed from the relationships between SDI and LAI, 
and LAI and basal area per cohort or canopy strata. 
5. To predict stand volume growth rates as a function of the number of cohorts present in a 
stand, number of trees per cohort class, percent growing space per cohort class, and total 
available growing space or LAI. 
H0: Stand volume growth rate cannot be predicted from any of the independent variables. 
Hi: Stand volume growth rate can be predicted from one or more of the independent 
variables. 
Historical Background 
The use of lodgepole pine can be traced back to the first human inhabitants of the North 
American continent. The first native Americans used lodgepole pine for tepee poles, travois, 
and corral poles (Van Hooser and Keegan III 1985). In the time of the placer mines, the lumber 
used to support the buildings and sluice boxes was often lodgepole pine. Lodgepole pine later 
became the major source of fiielwood in the smelters of large quartz mines such as those of 
Butte, Montana. 
Millions of lodgepole pine ties went into the creation of the railroads. Many miles of the 
first transcontinental railroad tracks through the northern Rockies were made of lodgepole cross 
ties (Benson 1973). The hackers for the railroads preferred 10 inch (25.4cm) to 14 inch 
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(35.6cm) trees for the crossties. This form of selection cutting in lodgepole pine left behind 
stands in which dwarf mistletoe spread was accelerated leaving them more vulnerable to 
mountain pine beetle (Benson 1973). 
After WWII clearcutting was again used for harvesting lodgepole pine (Tackle 1954). 
All merchantable trees were cut and then the understory and any resulting slash were destroyed 
to eradicate dwarf mistletoe and prepare the site for regeneration. At this time Tackle 
summarized several reasons for clearcutting: 1) shade intolerance of the species, 2) dwarf 
mistletoe infection of lodgepole pine stands and its spread from the overstory to the younger 
understory, 3) lodgepole pine's susceptibility to windthrow, and 4) residual trees in the 
lodgepole pine stands did not respond to release after partial cuttings. These remain the reasons 
for clearcutting lodgepole pine stands as opposed to using other harvesting methods. From the 
1950's until present times lodgepole pine was mainly harvested using even-aged, clearcutting 
methods. Lotan (1973) stated that stand conditions in lodgepole pine stands necessitate the use 
of clearcutting harvest methods to regenerate lodgepole pine. Franklin (1976) wrote that 
selection management or uneven-aged management, was inappropriate for lodgepole pine due to 
its risk of disturbance by insects or from windfall. In 1985 Schmidt and Alexander wrote 
"lodgepole pine is best managed using even-aged silvicultural systems". They advocated the use 
of other harvesting methods only if management objectives strictly demand a variety of age 
classes be present in a stand. 
In the late 1960's and early 1970's public concern about the environmental impact of 
clearcutting became apparent and alternative methods of harvesting were again investigated and 
researched (Berntsen 1973). Alexander published a USDA Forest Service Research paper on 
partial cutting practices in lodgepole pine forests in 1972. There was a need for selection or 
partial cutting options for other forest uses such as watershed protection, wildlife habitat, and 
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recreation. Alexander recommended clearcutting small areas, or partial cutting, or in certain 
cases not cutting depending on the management objectives and the type of lodgepole stand being 
treated. 
Chapter 2. Biological and Silvicultural characteristics of lodgepole pine - A summary. 
The variety of lodgepole pine in the lodgepole pine cover type occurring in the Rocky 
Mountain-Intermountain region is Pinus contorta var. latifolia. This species is highly adaptable 
to different soil, moisture and climatic regimes (Schmidt and Alexander 1984). 
Lodgepole pine is a fast growing, pioneer tree species. It survives between 120 and 400 
years depending on site conditions. Lodgepole pine is a shade intolerant species and needs 
almost full sunlight for proper development. Lodgepole pine trees produce both serotinous and 
nonserotinous cones. Serotinous cones do not open and release seeds unless subjected to heat. 
These types of cones allow lodgepole pine to propagate on a site even after stand replacing fires. 
Due to cone serotiny, lodgepole pine seeds disperse after a disturbance, and initially the stand 
experiences rapid juvenile growth . This growth pattern tends to create even-aged, high density 
stands that may be prone to stagnate at later stages of development (Bassman 1984). 
Disturbance Agents 
There are several major disturbance agents to which lodgepole pine stands are 
particularly subjected. Fire, fungal pathogens, diseases, insects and windthrow are the major 
disturbance agents acting upon lodgepole pine. The reasoning and justification for clearcutting 
of lodgepole pine is due to these disturbance agents and the shade intolerant nature of lodgepole 
pine (Tackle 1954, Franklin 1976, Schmidt and Alexander 1985, van der Kamp and 
Hawksworth 1985, Hawksworth and Johnson 1989). 
Mountain Pine Beetle 
Approximately 240 species of insects feed on lodgepole pine. Out of these 240 species 
only 9 cause any degree of damage to lodgepole pine trees. (Amman and Safranyik 1984). Only 
the mountain pine beetle (Dendroctonus ponderosae) causes catastrophic losses in lodgepole 
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pine stands. In 1970 mountain pine beetle was responsible for killing trees containing 
13,400,000m3 wood. It is estimated that trees containing 12,000,000m3 wood are killed annually 
by mountain pine beetle infestations in the Rocky Mountain states (Filip 1993). Mountain pine 
beetle populations tend to reach epidemic proportions every 20 to 40 years (Lotan et al 1984). 
During these periods, the bark beetle population becomes large enough to kill almost every 
merchantable tree in a stand (Filip 1993). 
Growth efficiency is a measure of tree vigor. It can be described as the amount of wood 
a tree adds a year per square meter of foliage or leaf area. Trees with general growth efficiency 
values of under 70 g.m2yr"' are preferentially attacked by pine beetles. Trees with growth 
efficiency values of over 100g.m2yr"' are not likely to be successfully attacked by pine beetles 
(Waring and Pitman 1985). 
Mortality induced by bark beetle infestations of lodgepole pine trees has been associated 
with tree vigor (Waring and Pitman 1985). The bark beetles infest and kill trees of a certain 
diameter or larger, thereby reducing the tree canopy. The reduced canopy results in an increase 
in the amount of light available to the surviving trees and the understory. Photosynthesis 
increases in the surviving trees and growth (stem biomass increment per unit foliage area per 
year) increases (Waring and Pitman 1985). The surviving trees become more resistant to future 
bark beetle infestations as a result of increased growth and vigor. These bark beetle attacks lead 
to multi-aged stand structures by thinning the canopy, leaving surviving trees, and providing 
growing space for a new age class. 
Windthrow 
Lodgepole pine is considered susceptible to windthrow due to its shallow root system 
(Alexander 1986). Within the same soil types, trees within the denser, overstocked stands with 
smaller individual stems are considered more susceptible to windthrow. This is because the trees 
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depend on the surrounding trees for support and protection (Alexander 1986). Trees on certain 
exposures are more at risk to blowdown from wind. Windfall risk based on exposure have been 
identified by Mason (1915) and Alexander (1964, 1967, 1975). High risk exposures are: 
ridgetops, moderate to steep middle south-facing and west-facing slopes not protected, all upper 
south-facing and west-facing slopes, and saddles in ridgetops. 
Fire 
Most lodgepole pine stands originate after fire events. Lodgepole pine is moderately 
resistant to surface fires, which only burn ground fuels and understory vegetation. The presence 
of serotinous cones enables lodgepole pine to reproduce even after stand replacing fires. 
Individual lodgepole pine trees contain both closed and open cones. The ratio of closed to open 
cones is related to fire frequency on the site. The higher the fire frequency on a given site the 
greater the proportion of serotinous cones growing on the trees present (Lotan et al 1984). A 
temperature of at least 113 degrees Fahrenheit is required to melt the resin sealing the serotinous 
cones. A plentiful source of lodgepole seed will be released by the fire, therefore, the same event 
that destroys a lodgepole tree stand insures its future regeneration. 
Thus, fire is necessary for the regeneration and continuation of lodgepole pine stands 
(Fisher and Bradley 1987). Loope and Gruell (1973) found that fire intervals of less than 100 to 
150 years favored the dominance of lodgepole pine in northwestern Wyoming near Jackson Hole. 
Fire intervals in that region exceeding 200 years eliminated lodgepole pine from the stands. 
Arno (1980) found that fire occurred at 22 to 50 year intervals in many lodgepole pine stands in 
the northern Rocky Mountain region. 
Dwarf Mistletoe 
Dwarf mistletoes are parasitic flowering plants which cause the tree to develop witches 
brooms and fusiform swelling (van der Kamp and Hawksworth 1984). Between 40% and 50% of 
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lodgepole pine trees in the Rocky Mountains are infected by dwarf mistletoe (van der Kamp and 
Hawksworth 1984). 
Dwarf mistletoe causes a general decline in the vigor of infected trees. This parasite causes 
height and diameter growth to decline as well as slows production of seeds and cones. Dwarf 
mistletoe results in eventual top kill and mortality of the tree (Wenger 1984). Even when trees 
are salvaged the wood quality can be deleteriously effected from the dwarf mistletoe infection. 
The dwarf mistletoe stimulates epicormic branching and causes swelling which creates knots in 
the wood. Epicormic branching also creates ladder fuels that could aid in a surface fire reaching 
the crown of the trees during the right fire conditions. 
Interactions among the disturbance agents 
Interactions between the different disturbance agents determine the stand structure, 
future productivity, and direction of ecological development on a site. For example, mountain 
pine beetle can thin a stand by inducing tree mortality. This opens the canopy and increases the 
amount of solar radiation the surviving trees receive, improving the photosynthesis and growing 
efficiency of the surviving trees. Alternatively, mountain pine beetle infestation may leave many 
dead standing trees. A lightening strike ignites a wildfire and the entire stand burns due to the 
buildup of fuels. Then regeneration of lodgepole begins on a prime mineral seedbed devoid of 
competition. This second scenario leads to an even-aged stand, whereas the first leads to a multi-
aged stand. 
Different fire regimes influence patterns of beetle and dwarf mistletoe development. 
High intensity fires can purge a site of dwarf mistletoe and mountain pine beetle. Low intensity 
fires can weaken surviving trees leaving them more susceptible to dwarf mistletoe or mountain 
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pine beetle attack. The intensity of the fire therefore determines the future stand structures of the 
site. 
Despain (1983) found a lodgepole pine zone in Yellowstone National Park where the 
species occurs in an uneven-aged structure and this structure is not maintained by fire. The size 
class distribution of the stands sampled were that of a negative exponential curve. Despain 
sampled old lodgepole pine stands in which lodgepole pine saplings dominated the understory. 
Despain concluded that the overstory in the sampled region of his study was sparse enough to 
allow sufficient light to reach the understory enabling young lodgepole pine to persist. This is 
supported by descriptions of old growth lodgepole pine tree crown structures. Old growth 
lodgepole pine has little terminal leader growth, the top of the crown becomes flat due to lateral 
branches reaching the same height as the terminus, and the lateral branches near the top of the 
crown thicken and become nearly free of foliage near the bole (Kaufman 1996). 
In the Medicine Bow Mountains of southeastern Wyoming lodgepole pine was found to 
remain a persistent species on sites where natural fires recur often enough to preclude the 
establishment of the more shade tolerant spruce and subalpine fir. The lodgepole pine is resistant 
enough to survive the fires, but the spruce and subalpine fir in the understory are killed, therefore 
never replacing the lodgepole pine (Romme and Knight 1981). Romme (1982) found lodgepole 
pine to be a persistent stand component in Yellowstone National Park. Gaps created by bark 
beetle mortality and windthrow disturbance of the larger, overstory trees enabled lodgepole pine 
to regenerate in the understory leading to uneven-aged stand structures. A fire cycle of large, 
stand replacement fires every 300 to 400 years also occurs in this area ofYellowstone National 
Park insuring the regeneration of even-aged lodgepole pine following the large fires (Romme 
1982). 
Chapter 3. Multi-aged stocking guidelines and control. 
The relations between mean tree size and density of a given area or stand are the basis 
for methods of assessing and controlling growing tree stock (Long and Daniel 1990). Density 
management of uneven-aged stands involves controlling the level of growing stock, determining 
maximum tree sizes to retain, and determining how to distribute growing stock among various 
size or age classes. 
Traditional stocking control in lodgepole pine. 
Through the history of the harvesting of lodgepole pine people have alternated the 
management methods used on the species. In the early 1900's the forest workers used 
clearcutting. In the 1930's and 1940's the forest workers and managers turned to selection 
cutting, a popular harvesting method at the time. Also around this time literature was published 
regarding how to "selectively cut" lodgepole pine. 
A first method of controlling stocking in " partially cut" stands was a classification 
scheme published by Taylor in 1939. This method provided a means of marking trees for 
removal based on the crown classification. This classification by Taylor was based on crown 
structure of the trees. Such characteristics of the crown such as length, area, and vigor were 
assessed and each tree was assigned to a vigor class based on these characteristics. Vigor classes 
ranged from A to D, A being the most vigorous and healthy trees, and D being the least vigorous 
trees, often having dead or dying tops. Taylor's classification scheme is still applicable today 
and shares the same concepts as current procedures for classifying crown classes and strata such 
as the classification described by Oliver and Larson (1996 p. 154-155). 
Early uneven-aged cutting of lodgepole pine was a form of "partial cutting" in which 
trees were marked for removal if they met the requirements of certain products (Alexander 
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1972). The cutting was heavy since everything merchantable was cut. This often resulted in 50 
to 60 percent of the total basal area being removed (Alexander 1972). Stands in which this 
much basal area was removed were often subject to windfall, increased tree mortality and the 
deterioration of the stand (Alexander 1972). Cutting regimes in Colorado and Wyoming around 
the same time period in which 30 to 40 percent of the total basal area was removed fared better. 
Less mortality occurred on these stands and lodgepole pine regenerated in the openings 
(Alexander 1972). 
Currently there are several formal methods of controlling stocking in uneven-aged 
stands. One of the more common stocking-control methods is the q-factor, or the BDq method. 
This method is based on observations by DeLiocourt in the late 1800's and later observations by 
Meyer around the 1950's that the diameter distributions of uneven-aged stands resemble a 
negative exponential curve or a "reverse-j" shaped curve. The ratios of trees in one size class to 
another remained relatively constant within this distribution. The q-ratio is the ratio between the 
number of trees in one diameter class and the number of trees in the next larger diameter class 
(Guildin 1991). It is also called the BDq method because a total basal area, (B), the width of the 
diameter classes and a maximum diameter, (D), and the q-ratio must be specified to implement 
this stocking method (Guldin 1991). 
A major criticism of the q-factor method is that it requires a large number of trees in the 
smaller diameter classes (Reynolds 1954, Davis 1966 p. 187-188, Cochran 1992, Oliver and 
Larson 1996 p. 304, O'Hara 1996). These smaller trees occupy space that could be used by 
larger, more merchantable trees. Then the excessive number of trees in the smaller diameter 
classes require thinning and suffer mortality due to high densities (O'Hara 1996). The q-factor 
method can't be used to control stocking in all uneven-aged stands since the method uses a 
negative exponential diameter frequency distribution. Two-aged stands, which comprised 
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approximately 60% of the uneven-aged stands sampled in this study, often have a bi-modal 
diameter distribution. 
Another method of stand density control is to use relative stand density measures. 
Uneven-aged stand stocking can be guided by a modification of Reineke's 1933 stand density 
index (SDI) (Long and Daniel 1990). SDI is a measure of relative density and is calculated from 
the number of trees per acre and the stand average diameter at breast height (Long 1995). 
Maximum SDI for a species is the maximum mean size and density in a self thinning population 
of trees (Long 1995). Maximum SDI for a species becomes a specific boundaiy from which 
relative density of a species can be indexed. Enabling SDI to be expressed as a percent of the 
maximum SDI (Long 1995). 
Long and Daniel (1990) proposed assigning SDI to diameter classes instead of specifying 
the number of trees per age class. They assumed that SDI approximated leaf area, as discussed 
by Long and Dean (1986), Long and Smith (1990) and Long (1995). Long and Daniel (1990) 
wrote that smaller diameter classes should not be allocated as much growing space as the larger 
diameter classes. This deviated from the "balanced" q-factor method because smaller diameter 
classes were not allocated the same amount of growing space as the larger diameter classes. 
SDI can be used in most multi-aged stands such as two-aged stands. This method is 
adaptable to any diameter distribution, however, allocation of growing space to diameter classes 
is arbitrary as there are no guidelines for how much SDI should be allocated to each size or age 
class. 
There are no current guidelines for implementing either of these two stocking control 
methods in multi-aged lodgepole pine structures. SDI can be allocated to various age or size 
classes, but the allocation is arbitrary. The q-factor can change in total stocking but cannot be 
used to guide stocking in two-aged stands with a bi-modal distribution (O'Hara 1996). 
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O'Hara (1996) showed that leaf area could be used as a measure of growing space 
occupancy in multi-aged ponderosa pine. In that study O'Hara defined total available growing 
space as the maximum potential leaf area for a site. Growing space was defined as the 
availability of all resources needed by a tree to exist on a site (Smith 1986 p. 15, O'Hara 1988). 
Leaf area was then allocated among age classes as a stocking control mechanism. The growing 
space occupancy of the different cohort classes of the stands provided a basis for comparison. 
He found that out of 79 sampled plots in Oregon and Montana, only two plots had an age class 
distribution that approximated a "reverse J-shaped" curve. Most plots sampled did not have a 
balanced or equal distribution of growing space among all cohorts. O'Hara developed a model, 
PPMASAM, to evaluate different stocking scenarios. He found that a scenario in which growing 
space was allocated equally to each of the cohorts reduced gross and recoverable stand increment 
(O'Hara 1996). More productive scenarios were those in which the amount of growing space 
increased linearly with the increasing cohort age (O'Hara 1996). O'Hara concluded that forest 
managers implementing uneven-aged management of forest lands should focus mainly on the 
creation of biologically significant structural features such as numbers of canopy strata, presence 
of large trees, or crown cover instead of focusing on the creation of precise diameter 
distributions. 
This study developed multi-aged stocking guidelines for lodgepole pine in central and 
western Montana. The stocking guidelines used a site's potential leaf area index to represent 
total available growing space for a stand (O'Hara 1988). Leaf area index was allocated among 
different cohort classes to create a variety of stand structures as a method of stocking control in 
lodgepole pine stands. These guidelines will allow potential volume productivity of individual 
cohort classes as well as of entire tree stands to be predicted, therefore providing a means of 
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assessing stand health. The methodology for this study follows a multi-aged stocking assessment 
procedure recently developed for ponderosa pine (O'Hara and Valappil 1995, O'Hara 1996). 
Chapter 4. Methods 
Study Area 
Sites were sampled in three general study areas: the Bitterroot National Forest in 
western Montana, Lubrecht Experimental Forest of the University of Montana about 20 miles 
east of Missoula, and the Tenderfoot Creek Experimental Forest east of Helena in central 
Montana. In the Bitterroot National Forest sites were located between 1829 and 2134m in 
elevation. In the Lubrecht Experimental forest sites were located at around 1250m in elevation. 
The climate at Lubrecht is temperate and continental with an average annual precipitation of 
455mm half of which is in the form of snow (Goetz 1996). In the Tenderfoot Creek 
Experimental forest sites were sampled between 2103 and 2377m in elevation. All the plots 
sampled were in Montana and located between latitudes 46° 33' and 46° 50' and longitudes 111° 
15' and 113° 49'. Tenderfoot Creek Experimental also has a continental climate and receives on 
average 880mm of precipitation a year, peaking in December or January (McCaughey 1996). 
In the Bitterroot National forest sites were composed of over 90% lodgepole pine with 
some subalpine fir {Abies lasiocarpa), Douglas-fir {Pseudotsuga menziesii) and whitebark pine 
{Pinus albicaulis) present. Most of the stands sampled in the Bitterroot National Forest were on 
Abies lasiocarpa climax series (Pfister et al. 1977) and one stand was on a Pseudotsuga 
menziesii climax series (Table 1). In Lubrecht Experimental Forest stands were composed of 
approximately 90% lodgepole pine with some ponderosa pine (Pinus ponderosa), western larch 
(Larix occidentalis), and Douglas Fir present. Stands sampled in Lubrecht Experimental Forest 
were on several different habitat types. Two sampled stands were on a Pinus contorta climax 
series, one was on an Abies lasiocarpa climax series, and three were on a Pseudotsuga menziesii 
climax series (Pfister et al. 1977). Soils at Lubrecht are mostly inceptisols (Goetz 1996). 
Stands sampled at the Tenderfoot Creek Experimental Forest were composed of over 
90% lodgepole pine with some whitebark pine and subalpine fir present in the understory. 
Stands sampled in the Tenderfoot Creek Experimental Forest were on a Abies lasiocarpa climax 
series (Pfister et al. 1977) (Table 1). Soils at the Tenderfoot Creek Experimental Forest are 




Stand and plot selection 
Stands were selected on the basis of being pure (90% or greater) lodgepole pine, and 
having experienced no major disturbance within the past 15 years. Disturbance included 
activities by man such as harvesting and thinning, as well as fire, bark beetle infestation, or 
windthrow. Disturbed areas were avoided so as not to include stands in the study where leaf area 
might be less than potential. Plots were established in both even-aged and multi-aged stands. 
Areas containing multi-aged lodgepole pine stands were located with the help of the silviculturist 
at the Bitterroot National Forest, and with the help of the forest manager at the Tenderfoot Creek 
Experimental Forest. Approximately two-thirds of the sampled stands were multi-aged and the 
remaining third were even-aged to provide a control for basic stand increment and physiological 
relationships. 
Site Quality 
Areas encompassing a range of different site variables such as slope, aspect, elevation, 
and soils were sampled to average out the different effects such variables might have on LAI 
values. Site Index, the relationship of tree height to age, was determined for the even-aged 
lodgepole pine plots using height-growth curves for lodgepole pine in western Montana by 
Milner (1992) (Table 1). Many of the multi-aged plots were located upslope, or downslope, 
nearby, even-aged plots for which site index is known. Due to similar location, elevation, and 
aspect, site index can be assumed to be the same in the multi-aged plots as in the nearby even-
aged plots (Table 1). 
This study does not attempt to use site quality as an independent variable, but instead 
uses total leaf area index as an independent variable through its relation to site quality (McCleod 
and Running 1988, Long and Smith 1990). 
Field procedures 
Sampling Plots 
A total of 35 fixed-radius circular plots were constructed and measured. Thirteen circular plots 
were measured on the Bitterroot National Forest, 7 plots were measured on the Lubrecht 
Experimental Forest, and 14 plots were measured on the Tenderfoot Creek Experimental Forest. 
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Initially the plot size was 400m2 (tenth of an acre). Plots 1 through 4 were 400m2. Then plot 
size was changed to 200m2 (twentieth of an acre) size plots since the 
Tabic 1. Characteristics of sampled stands: location, habitat type, age sirucurc, number of age classcs, plot size in m1, plot LAI, site index in meters in 












1 Uillcrrool ADGK/XETE even 1 400 1.5 16.2 NE 2042 
2 Uillcrrool ABLA/VACA even 1 400 1.6 11.9 WI­ 2051 
3 Bittcrroot AHLA/VACA even 1 400 1.6 14.3 LE 2100 
4 Uillcrrool, AULA/XETE even 1 400 2.1 21.6 SO 1786 possibly thinned 
5 Bittcrrool AULAA'ACA mn 3 200 3.3 WE 2015 
6 nillcrrool AULAA'ACA ma 3 200 3.0 EA 2115 
7 Uillcrrool AULA/XETE ma 3 200 3.0 NI­ 2131 
X Uillcrrool ABLA/VACA ma 3 200 2.9 NE 2164 
9 Uillcrrool AULAA'ACA ma 3 200 3.7 NE 2137 
10 Uillcrrool AULA/XETE even 1 200 2.5 22.9 SO 1792 possibly thinned 
II Uillcrrool AULA./XETE nta 3 200 2.0 SO 1911 possibly thinned 
12 Uillcrrool PSME/VAGL mn 2 200 1.3 WI­ 1945 
13 Bittcrroot AULA/XETE inn 2 200 1.8 NE 1945 
14 LubrcclH PICO'LIUO even 1 200 2.2 16.5 SW 1219 
15 Liibrccht PICO/CALA even 1 200 1.4 20.7 NE 1250 
16 Liibrccht ABLA/CACA even 1 200 1.8 13.7 SO 1250 
17 Lubrccht PSME/VACA even 1 200 2.2 21.0 NW 1219 
18 Liibrccht PSME/VACA ma 2 200 2.2 SW 1219 
19 Lubrccht PSME/VACA even 1 200 1.2 21.6 WE 1219 
20 Tenderfoot AULA/VAGI. even 1 200 2.2 13.7 NW 2256 
21 Tenderfoot AULA/VAGL ma 2 200 2.5 WE 2304 
22 Tenderfoot ADLA/VAGL. ma 3 200 3.1 SO 2387 
23 Tcmlcrfool ABLAA'AGL ma 3 200 2.4 SW 2280 
24 Tender fool ABLAA'AGL ma 3 200 1.7 NE 2188 
25 Tenderfoot ABLAA'AGL even 1 200 1.8 11.3 NE 2158 
26 Tcmlcrfool ABLAA'AGL ma 2 200 2.5 SW 2320 
27 Tenderfoot AULA/VAGL even 1 200 1.9 15.2 NW 2335 
28 Liibrccht PSME/SYAL even 1 200 0.9 18.6 LE 1265 Ipp spacing trials 
29 Liibrccht PSMI7SYAL even 1 200 1.8 19.2 NO 1271 Ipp spacing trials 
30 Tenderfoot AUI.A/VASC mn 2 200 2.8 SW 2243 
31 Tenderfoot ABLAA'AGL ma 2 200 2.8 NW 2277 
32 Tenderfoot ABLAA'ASC even 1 200 3.1 13.1 SO 2256 
33 Tenderfoot ABLAA'ASC even 1 200 2.0 11.3 SO 2262 
34 Tenderfoot ABLAA'AGL even 1 200 1.9 16.8 NE 2112 













variability of the stand was still encompassed with the smaller plot size. Plots 5 through 
35 are 200m2 size plots. The slope, aspect, elevation, and habitat type of each plot was recorded. 
Individual Tree Sampling 
Within each plot, the diameter and height of every tree were measured. Each tree was 
assigned a stratum and crown class based on the method described by Smith (1986 p. 17) and 
Oliver and Larson (1996 p. 154-155) and discussed by O'Hara (1996) for multi-strata stands. 
Trees with crowns creating the most continuous, highest strata, or the main upper canopy were 
recorded as stratum B. Trees with crowns noticeably above the B stratum were recorded as 
stratum A. The next canopy layer under the B stratum was recorded as the C stratum, and the 
next lowest canopy layer the D stratum. Each tree was also assigned a crown class based on its 
position in a canopy layer or stratum. In even-aged stands the main canopy was classified as the 
B strata. Bark thickness was measured on every tree using a bark gauge adjacent to where the 
tree was cored. 
Each tree was cored using an increment borer on the north and east sides at breast height, 
1 -4m. The sapwood radius was measured to the nearest millimeter on each core in the field 
immediately after the core was extracted. The sapwood/heartwood boundary was delineated by 
holding the core up to the sunlight while in the field. The growth rings of the cores that 
intercepted, or nearly intercepted, the pith of the tree were counted using a ring counting device 
in the laboratory to determine the age of the tree at breast height. Every tree in the multi-aged 
plots was aged, and on average 74% of the trees were aged in the even-aged plots. 
Every tree sampled in this study was assigned to a cohort class or age class. Assignment 
of an individual tree to a cohort class was primarily based on tree age, and other physical 
characteristics such as bark thickness, height, fire scars, crown class, and diameter. Trees were 
assigned to cohorts 1, 2, or 3; cohort 1 being the oldest. No plot sampled during this study 
contained more than 3 cohorts. Trees were also assigned to a cohort based on age and size of 
other trees in the cluster that appeared to have established under the same disturbance event. In 
some plots there did not appear to be discrete disturbance events that lead to distinct clusters of 
trees or cohorts, therefore the assignment of the trees on these plots was more subjective. These 
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plots may have been the result of windthrow events occurring every 5 to 10 years at such 
magnitudes as to create openings large enough to facilitate regeneration. The plots without 
discrete differences in ages of the trees may also have been the result of bark beetle damage and 
resulting tree mortality; or a combination of windthrow disturbances and infestation of particular 
trees by bark beetles. In such stands evidence of multiple disturbances such as fire scars were 
studied as well as the graphs of the age distribution of the stand. If the age distribution graph 
had a strong bimodal pattern of ages and evidence in the plot supported that distribution then 
cohorts with less than a 20 year difference in age were designated. 
LeafArea Estimation 
Projected leaf area for individual trees was estimated using equations developed by Long 
and Smith (1988). This equation was chosen among others because it was developed for the 
lodgepole pine tree species from plots sampled and a study conducted in southeastern Wyoming, 
a similar environment to that of western and central Montana. According to Long and Smith 
(1988) plots were sampled in climatic regions receiving between 400 and 900 mm precipitation 
per year, the same range of precipitation received in the various plots sampled in this study. This 
equation developed by Long and Smith (1988) was also used because it incorporates a measure 
of individual tree heights, D, the distance from breast height of a tree to the center of its crown in 
meters (Long and Smith 1988). The actual equation was: 
(0.0644./ 43D"°73 ) x 1.24 (the correction factor for fresh needles). 
This equation accounts for tree to tree variation by including a power term reflecting the 
distance from breast height to the center of the live crown of a tree. Sapwood cross-sectional 
area at 1 -4m of the tree was calculated from the DBH and bark thickness measurements, and 
from the sapwood measurements from the two increment cores extracted from every tree on 
every plot. Stand leaf area index was determined by summing the leaf areas of all the trees on 
the stand and dividing by the size of the plot in m2. 
Tree and stand volume calculation 
Cubic volume for the whole tree including the stump was calculated for every tree in the 
sampled plots. Species specific, unpublished, volume equations developed by Champion 
International Corporation were used to calculate cubic volume (Table 2). These equations 
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predict volume as a function of tree diameter and total height using a series of predefined 
coefficients. Separate coefficients were used in the equations for lodgepole pine trees older than 
80 years and younger than 80 years. Cubic volumes for the trees excluding the stump were also 
calculated using an equation developed by Champion International Corporation. This equation 
predicts cubic volume excluding the stump as a function of the cubic volume of the total tree 
multiplied by a series of constant numbers, one of which has the DBH as its exponent. The cubic 
volume of a tree excluding the stump is used to calculate merchantable or recoverable increment 
of growth of a stand. Individual tree total cubic stemwood volume was calculated in cubic feet 
and converted to cubic meters. 
Table 2. Champion International Corporation volume equations used in this study. 
CVTS - cubic foot volume of the total tree, 
including the top and stump. 
CVT - cubic foot volume, excluding 
stump volume. 
CVTS = (10a) (DBHb) (HTC) 
HT in feet. DBH in inches. 
a, b, and c are coefficients depending on 
species and age of trees. 
CVT = CVTS * (0.9679 - 0.1051 * 
0.5523(DBH"15)) 
DBH in inches. CVTS as previously 
defined. 
Coefficients for lodgepole pine <= 80 yrs old. 
a b c 
Coefficients for lodgepole pine > 80 
yrs old. 
a b c 
-2.53758 1.87765 1.03312 -2.00300 1.65614 0.88491 
Cubic volume growth over the past five years was estimated. Radial increment was 
measured to the nearest 0.5mm from the two cores extracted from each tree on every plot. Five 
year height growth was measured by counting five budscars from the tip of the terminal on a 
subsample of trees. Height increment was then estimated for all other trees using a multiple 
regression equation derived from the subsample of trees. This model used DBH in meters and 
the inverse of the five-year radial increment in meters of the trees as independent variables and 
explained 76% of the variation in five year height growth. The actual equation was: 
0.471 + (6.401 * DBH in meters) + (-0.00044 * inverse five-year radial 
increment in meters) 
The height of each tree in 1991 was also estimated by subtracting the estimated five year 
height growth from the current height measured in the field. Using the radial increment 
measurements and, assuming the bark growth increased by the same percentage that diameter 
increased, the DBH of the tree in 1991 was estimated. Then cubic volume for each tree five 
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years ago, 1991, was estimated using the Champion volume equations. Cubic volume growth 
increment for the past five years was calculated by subtracting the cubic volume in 1991 from the 
cubic volume in 1996. Average annual volume growth increment was then the five year growth 
increment divided by five. The average annual volume growth increment was used in all 
analyses conducted for this project. 
Analysis 
T-tests were used to compare the differences in total leaf area index between even-aged 
and multi-aged stands, and between the different cohort classes. One way analysis of variance 
(ANOVA) tests were used to test the differences in mean stand LAI, mean stand volume growth, 
mean stand density, and mean stand growing space efficiency (gse) among different habitat types 
and study locations. One way ANOVA tests were also used to test these variables over stands 
with different numbers of cohorts present. These ANOVA tests were also used to test for 
differences in stand growth, and tree and stand vigors among the four different crown classes 
present in the stands. 
Linear regression was used to determine the height-growth relationship. The dependent 
variable in this regression was five year height growth in meters. The independent variables in 
this regression were tree diameter at breast height (DBH) in meters, and the inverse of the 
diameter growth increment in meters. The diameter increment was measured from the cores 
extracted in the field. 
Relationships between tree volume increment and tree leaf area for each of the different 
cohort classes were developed using linear regression. Linear regression was also used to 
determine the relationship between tree volume increment and leaf area among the canopy strata, 
overstory and understory trees. 
The relationship between basal area per cohort and LAI per cohort for each of the three 
different cohort classes was developed using linear regression. Linear regression was also used 
to determine the relationship between basal area and LAI in the understory. A log transformation 
was used to determine the nonlinear relationship between basal area and LAI in the overstory 
canopy strata. 
Evaluation of the regression models was based on residual plots, standard errors, 
adjusted coefficients of determination (r2), and biological justification. 
Chapter 5. Results and Discussion 
Evaluation of growing space per stand. 
Projected leaf area index of all study plots sampled in Montana ranged from 0.9 to 3.7 
(Table 1). Leaf area index ranged from 1.3 to 3-7 on the Bitterroot National Forest sites, from 
0.9 to 2.2 on the Lubrecht sites, and from 1.7 to 3.1 on the Tenderfoot Creek sites (Table 1). 
Mean LAI on Tenderfoot Creek was significantly higher than the mean LAI of Lubrecht (p= 
0.046), but not significantly higher than the mean LAI of the Bitterroot sample stands (Tables 3 
and 4). Mean LAI of the multi-aged (two or three cohorts) stands was significantly higher than 
mean LAI of even-aged (1 cohort) stands over all plots sampled (p=0.001) (Table 3). LAI of 
stands with three cohorts present was significantly higher than the LAI of stands with one cohort 
present (p=0.003), but not significantly higher than the LAI of stands with two cohorts present. 
Multi-aged stands had significantly higher mean tree density than the even-aged stands in this 
study. The multi-aged stands contain more leaf area at higher tree densities than the even-aged 
stands in this study. 
Tables 3 and 4. 
Mean Projected Leaf area index (LAI) for even and multi aged stands in Montana 
and across three different study sites in western and central Montana. 
Montana 
age structure Mean SE N 
even-aged 1.9 .12 18 
multi-aged 2.6 .15 17 
all stands 2.2 .11 35 
Bitterroot Lubrecht Tenderfoot 
age structure Mean SE N Mean SE N Mean SE N 
even-aged 1.8 .19 5 1.6 .1905 7 2.2 .28 4 
multi-aged 2.6 .28 8 2.2 1 2.4 .13 10 
all stands 2.3 .21 13 1.7 .1768 8 2.4 .12 14 
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Average precipitation varied across the three study areas (Schmidt and Friede 1996, 
USGS 1:250,000 topographical maps 1962) (Table 5). Average study area LAI increased with 
greater precipitation (Table 5). 
Table 5. Average precipitation and mean LAI for each study site in western and central 
Montana. 
Bitterroot Lubrecht Tenderfoot 
Average 
precipitation mm/yr 550-600 455 800 
age structure Mean SE N Mean SE N Mean SE N 
even-aged 1.8 .19 5 1.6 .19 7 2.2 .28 4 
multi-aged 2.6 .28 8 2.2 1 2.4 .13 10 
all stands 2.3 .21 13 1.7 .18 8 2.4 .12 14 
These results were similar to results from various different studies by Long and Smith in 
the central Rocky Mountains (Table 6). The results of this study were lower than results 
published by Keane and Weetman (1987) for even-aged stands of lodgepole pine in British 
Columbia (Table 6). This difference in LAI values was probably due to the equations used to 
predict leaf area from sapwood area. Keane and Weetman (1987) used a linear equation 
predicting leaf area as a function of sapwood area. In this present study a nonlinear equation 
developed by Long and Smith (1988) was used. For this study leaf area was also calculated 
using two other linear equations that predict leaf area as a function of sapwood area: one by 
Pearson et al. (1984); and another by Keane and Weetman (1987). The leaf areas resulting from 
those equations were two to three times greater than the leaf areas calculated using Long and 
Smith's 1988 equation. 
Table 6. Published leaf area index (LAI) values for even-aged lodgepole pine stands. 
Location LAI Type Source 
S. C. Wyoming 1.23-6.53 projected Long and Smith 1992 
S. C. Wyoming 1.2-4.6 projected Smith and Long 1989 
N.Utah 1.4-4.7 projected Jack and Long 1991 
British Columbia 8.8-13.4 projected Keane and Weetman 1986 
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There were no significant differences in mean LAI across the different habitat types that 
were sampled in the Montana study areas. A range of site conditions (as represented by habitat 
types, slope, aspect and elevation) were intentionally sampled in the different study areas to 
average out the effects due to different site conditions such as different slopes, aspects, 
elevations, and soil types. This study did not attempt to use site quality as an independent 
variable. Instead total LAI was used as an independent variable through its relation to site 
quality (McCleod and Running 1988, Long and Smith 1990). 
Cohort leaf area index (LAI) generally decreased with decreasing cohort age. On plots 
5, 7, 18, 22, and 23, the second cohort had a higher LAI than the first cohort; or comprises a 
higher percentage of the total plot LAI (Table 7). This may be due to a disturbance such as a 
stand replacing fire that killed all but a few of the oldest trees and facilitated the regeneration of 
a new younger cohort containing the majority of the trees in the stand. A natural disturbance was 
the most likely scenario since we avoided stands that had been managed within the last 15 to 20 
and essentially sampled only unmanaged stands where trees were naturally occurring in a multi-
aged structure. 
The distribution of trees per cohort resembles a reverse J-shaped curve in only two plots, 
(22 and 24) out of 17 multi-age plots of which 8 plots contained 3 different cohort class (see 
Figures 1 and 2). On four of the multi-age plots the leaf area index of the youngest cohort, cohort 
3, comprised 15 to 20% of total stand LAI (Table 7). On the remaining plots containing 3 
cohorts, cohort 3 comprised 6% or less of total plot LAI (Table 7). Mean LAI of the first cohort 
in multi-age stands was significantly higher than the mean LAI of the second and third cohorts 
(p<= 0.002) (Table 8). 
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Table 7. Number of trees and percent of stand LAI per cohort in multi-aged sampled stands. 
Plot no. Plot size Number of trees Percentage of stand LAI Plot LAI 
m2 cohort cohort 
12 3 12 3 
5 200 8 54 38.5 61.4 3.3 
6 200 8 20 17 51.4 45.5 3.1 3.0 
7 200 10 29 23 32.2 48.6 19.2 3.0 
8 200 18 14 18 69.0 25.0 6.0 3.0 
9 200 9 2 19 75.6 6.2 18.1 3.7 
11 200 4 15 43 41.3 35.9 21.6 2.0 
12 200 7 59 65.8 34.2 1.3 
13 200 39 10 95.4 4.6 1.8 
18 200 8 25 47.5 52.5 2.2 
21 200 19 7 89.7 10.3 2.5 
22 200 3 32 36 35.8 49.9 14.3 3.1 
23 200 1 26 5 11.7 87.3 0.9 2.4 
24 200 6 9 17 64.9 30.4 4.7 1.7 
26 200 57 6 98.8 1.3 2.5 
30 200 28 18 97.6 2.4 2.8 
31 200 46 17 98.4 1.6 2.8 
35 200 33 17 96.6 3.4 2.6 
Table 8. Mean LAI for the different age classes in multi-aged stands. 
LAI 
Age classes Mean SE N 
cohort 1 1.6 .20 17 
cohort 2 0.8 .17 17 
cohort 3 0.3 .09 8 
Table 9. Number of trees and percent of stand LAI per canopy strata in multi-aged sampled stands. 
Plots Trees per canopy Percent of LAI per LAI Plot LAI 
strata canopy strata 
overstory understory overstory understory overstory understory 
5 36 26 96 4 3.1 0.1 3.3 
6 28 17 97 3 2.9 0.1 3.0 
7 52 10 97 3 2.9 0.1 3.0 
8 35 15 97 3 2.8 0.1 3.0 
9 11 19 98 2 3.0 0.1 3.1 
11 21 43 82 18 1.6 0.4 2.0 
12 9 57 70 30 1.0 0.4 1.3 
18 22 11 97 3 2.1 0.1 2.2 
21 19 7 94 6 2.3 0.1 2.5 
22 23 48 78 22 2.4 0.7 3.1 
23 23 9 96 4 2.3 0.1 2.4 
24 6 25 56 44 1.0 0.4 1.7 
26 51 12 96 4 2.4 0.1 2.5 
30 21 25 93 7 2.6 0.2 2.8 
31 24 39 78 22 2.2 0.6 2.8 
35 17 33 78 22 2.0 0.6 2.6 
Table 10. Mean LAI for the overstory and understory canopy strata in multi-aged stands. 
LAI 
Mean SE N 
overstory 2.3 .16 16 
understory 0.3 .05 16 
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Figures 1 and 2. Example stand distributions. The distribution of trees per cohort for stands 22 and 
24. 
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Leaf area per canopy strata was also evaluated. Trees were either classified as upper 
strata (A and B strata trees) or lower strata ( C and D strata trees). Each tree in this study was 
assigned to a canopy strata. Mean LAI was significantly greater in the overstory than in the 
understory (p< 0.001) (Table 10). In most plots, over 90% of LAI was in the overstory and less 
than 10% was in the understory trees (Table 9). A few plots contained 80% of LAI in the 
overstory and 20% of LAI in the understory (Table 9). 
Standing Volume 
Total standing cubic volume ranged from 711.5 m3ha"' on plot 34 in the Tenderfoot 
Creek Experimental Forest to 79.525 m3ha"' on plot 4 in the Bitterroot National Forest. Plots 
from Tenderfoot Creek study area had a significantly higher mean standing volume per hectare 
than those from Lubrecht study area(p=0.005). The Tenderfoot study area contained older trees 
at a significantly higher mean density per hectare than the Lubrecht Experimental Forest study 
area. There were no significant differences in mean standing volume among plots with 1, 2, or 3 
cohorts present. 
Volume Increment 
Total stand stemwood volume increment per hectare per year ranged from 5.678 to 
15.79115 m3ha"'yr"' in the Bitterroot, from 3.7394 to 10.0685 m3ha"Iyr1 in Lubrecht, and from 
2.4188 to 12.7825 m3ha"1yr"1 in Tenderfoot Creek (Table 11). Stand volume increment per 
hectare per year appeared to increase with increasing LAI for a stand, but there was no 
relationship between stand volume increment and LAI for the stands sampled in this study. 
O'Hara (1996) found a relationship between stand volume increment and leaf area index for 
multi-aged and even-aged plots of ponderosa pine. O'Hara had previously attributed such 
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variation to stand structure and the variation in volume increment/leaf area relationships of 
individual trees (O'Hara 1988, 1989). 
Table 11. Density, LAI, volume increment, and stand GSE, for a selection of stands 
containing 1,2, and 3 cohorts. 
Stand Number of trees/ha LAI volume stand 
cohorts/stand inc. (m3ha"'yr"1) GSE (cm3m"2) 
1 1 1100 1.5 7.63 525 
5 2 3100 3.3 10.14 311 
6 3 2250 3.0 9.75 324 
7 3 3100 3.0 9.52 320 
8 3 2500 2.9 9.28 325 
13 2 2500 1.8 8.18 440 
20 1 1500 2.2 9.76 446 
The mean stand volume increment of all sampled multi-aged stands was higher than the 
mean stand volume increment of even-aged stands, but not significantly higher (Table 12). 
There was no difference in the mean stand volume increment among stands with 1, 2, and 3 
cohorts present. There was no difference in the mean stand volume increment of stands in the 
three different locations or across the different habitat types sampled. 
Table 12. Mean annual cubic stand volume increment by age structure for the three 
different study sites. 
Volume Inc. m3ha"'yr 1 
Age 
structure 
Bitterroot Lubrecht Tenderfoot 
Mean SE N Mean SE N Mean SE N 
Even 7.2 .5600 5 6.8 1.0569 7 9.9 1.612 6 
Multi 9.7 .9621 8 8.4 1 9.2 .4064 8 
all stands 8.8 .7071 13 7.0 .9351 8 9.5 .6988 14 
The results of this study were comparable with results from other studies in lodgepole 
pine type forests in which stand volume increment was determined. Long and Smith (1990) 
found that lodgepole pine stand increment ranged from 1.4 to 13.0 m3ha"1yr"1. Smith and Long 
(1989) found stand volume increment to average 5.2 m3ha"1yr"1, ranging from 1.5 to 15.2 m3ha* 
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1yr"1. In south-central Wyoming, Long and Smith (1992) reported stand volume increment from 
1.4 to 17.7 m3ha"'yr"1 with a mean stand volume increment of 6.3 m3ha"1yr1. Binkley et 
al.(1995) found periodic annual increment to range from 3.9 to 8.8 m3ha"1yr"1 in lodgepole pine 
in southeastern Wyoming. 
Growing Space Efficiency 
Individual tree vigors or growing space efficiency (GSE), and stand vigors were 
determined for this study Stand vigor was determined by dividing the total stemwood volume 
increment of a stand by the leaf area in m2 of that stand. Stand vigor ranged from 133.1 cm3m-2 yr 
for plot 25 in the Tenderfoot to 693.3 cm3m'2yr for plot 34 in the Tenderfoot. There was no 
difference in mean stand vigor between even-aged and multi-aged stands. There was no 
difference in mean stand vigor among the three different locations or among the different habitat 
types sampled. Mean stand vigor decreased as the number of cohorts increased within a stand 
(Table 11). The differences in mean stand vigor between stands with 1, 2, and 3 cohorts present 
were not significant. 
Individual Tree GSE 
Individual tree vigors or growing space efficiency (GSE) were calculated by dividing the 
tree's volume growth increment by the leaf area. Individual tree vigor is the amount of wood a 
tree grows a year per square meter of foliage. Individual tree vigor ranged from 25.17 cm3m"2yr"1 
3431.27 cm3m"2yr"1 for trees in cohort 1, from 11.22 to 3612.72 cm3m"2yr"1 for trees in cohort 2, 
and from 23.38 to 665.37 cm3m"2yr"1 for trees in cohort 3 (Figure 3 and 4). Trees in the 
suppressed crown class had a significantly lower mean individual tree vigor than trees in the 
dominant, codominant, and intermediate crown classes (Figure 5). Trees in the codominant 
crown class had significantly higher mean individual tree vigor than trees in the intermediate 
crown class as well as of those in the suppressed crown class. There was no significant 
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difference between the mean individual tree vigor of trees in the dominant crown class and trees 
in the codominant and intermediate crown classes. Mean individual tree vigor of cohort 1 in 
multi-aged stands was significantly higher than that of cohorts 2 and 3 (p< 0.001). Mean 
individual tree vigor of cohort 2 was significantly higher than that of cohort 3 (p< 0.001) (Figure 
Individual tree vigor across different ages 
in even-aged stands. 
20001 
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Individual tree vigor across different ages 
in multi-aged stands. 
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Figures 3 and 4.  Individual tree vigors across different ages of trees in even- and multi -aged stands. 
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Mean individual tree vigor in the Bitterroot was significantly higher than that of trees in 
Tenderfoot Creek (p<0.001) (Figures 5 and 6). Mean individual tree vigor at Lubrecht was 
significantly higher than that of trees in Tenderfoot Creek as well (p< 0.001). 
Individual tree vigor by 
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Figure 5. Individual tree vigor by canopy strata and location (multi-aged stands). 
Mean individual tree vigor 
by cohort and location. 
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Figure 6. Mean individual tree vigor by cohort and location (multi-aged stands). 
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The individual tree vigors were higher than expected and higher than those determined in 
the study of ponderosa pine (O'Hara 1996). One reason the tree vigors were higher was that they 
were based on estimated projected leaf area not all-sided leaf area. The leaf area equation used 
in this study may have underestimated leaf area. In the beginning an equation by Keane and 
Weetman (1987) and one by Pearson et al. (1984) were also used to figure leaf area and the 
results of these equations was 2 to 3 times greater than the leaf area estimated using the Long and 
Smith (1988) equation. Kaufman and Ryan (1986) found the growth efficiency or vigor (as 
defined in this study) of lodgepole pine to be the highest among lodgepole pine, engleman spruce 
(Picea engelmannii), and subalpine fir. Vigor may be higher in lodgepole pine in comparison 
with ponderosa pine as well. Lodgepole pine is a fast-growing pioneer species whereas 
ponderosa pine is a more long-lived species. 
Tree age did not appear to be an important factor affecting vigor among the trees 
growing in even-aged structures. There was no distinctive decrease in vigor with increasing tree 
age. The oldest trees sampled in even-aged structures were approximately 150 years old. 
Previous studies have found growth efficiency to be strongly influenced by tree age. Vigor did 
decrease slightly with age in the trees growing in multi-age structures. Older trees, 
approximately 150-180 years old and older, had lower vigors (Figures 3 and 4). The oldest trees 
sampled in multi-age structures were approximately 200 years old (Figure 4). This indicates that 
vigor might not decrease till around 150-160 years of age in all the sampled stands. Such a 
decrease was not seen in the even-aged stand structures since they contained no trees that old. In 
the even-aged stand structures every age of tree had a range of possible vigors from very high to 
very low (Figure 3). In the multi-aged stand structures vigor could approach zero among the 
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younger trees (ages 20-70), but none of the trees 80 years and older had such low vigors. This 
indicates that the younger, less vigorous trees in multi-age structures may be released and 
become more vigorous over time or they die. The less vigorous trees in the even-aged stands 
may not be released. Therefore, they remain less vigorous and suppressed for longer time spans. 
Kaufmann and Watkins (1990) found that trees with high vigors when they were young became 
lower vigor trees later in time and that the current high vigor trees had lower vigors when they 
were younger. Perhaps more trees in the multi-age structures sampled were less vigorous when 
younger and suppressed and now are more vigorous, hence the lack of extremely low vigor trees 
in the older age classes. 
Mean individual tree vigor was significantly higher in Lubrecht Experimental Forest and 
in the Bitterroot National Forest than in the Tenderfoot Creek Experimental Forest (p=<0.001) 
(Figures 5 and 6). This may be due to differences in tree age, density, and stand structure in the 
different study areas. No stands that contained three cohorts , and only one two-aged stand was 
sampled at Lubrecht. The Tenderfoot had plots containing the oldest trees sampled. Many trees 
were over 150 years old, the age at which a noticeable decline in vigor occurred. The Tenderfoot 
also had the highest mean density of trees per hectare of all three sites sampled, but the 
difference was not significant at the 0.05 level. 
Cohort GSE 
Vigor per cohort or cohort GSE was determined by summing the volume increment per 
cohort and dividing by the sum of the leaf area per cohort. The mean vigor in even-aged stand 
structures was highest, but not significantly higher than the mean vigors of cohort 1 in two- and 
three-cohort stands. Mean GSE of cohort 1 was significantly greater than the mean GSE of 
cohort 2 and cohort 3. The mean GSE of cohort 2 was significantly greater than the mean GSE 
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of cohort 3. Cohort vigor decreased with decreasing age of cohort, except in plot 21 (Table 13). 
In plot 12 the cohort GSE was almost equal for cohorts 1 and 2 (Table 13). Plot 12 consisted 
mainly of trees in the second cohort and contained very few trees in the first cohort. The stand 
structure of plot 12 was most likely the result of a stand replacing disturbance such as an intense 
fire that left a few surviving trees and initiated a new second cohort which comprises most of the 
current stand. The second cohort vigor was as high as the first on this stand because these were 
vigorous 25-55 year old trees occupying most of the site. Plot 21 had the same amount of trees in 
both cohorts and both cohort vigors were approximately equal. These two differences illustrated 
by plots 12 and 21 might also be the result of giving equal weight to plots containing vastly 
different number of trees per cohort during comparisons. O'Hara and Valappil (1995) also 
found that mean cohort GSE decreased with decreasing age. In the ponderosa pine study they 
found the highest cohort GSE to be that of cohort 1 in multi-aged stands, whereas the highest 
cohort GSE in this study on lodgepole pine was in the even-aged stands. 
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Table 13. Cohort GSE of multi-aged stands 
Plots Cohorts cohort GSE cm3m"2 
5 1 387.9 
5 2 262.0 
6 1 336.1 
6 2 318.9 
6 3 182 
7 1 377.3 
7 2 304.8 
7 3 266.8 
8 1 351.5 
8 2 296.5 
8 3 139.9 
9 1 295.7 
9 2 344.8 
9 3 175.0 
11 1 423.4 
11 2 344.9 
11 3 266.3 
12 1 580.8 
12 2 536.7 
13 1 449.1 
13 2 254.5 
18 1 424.6 
18 2 355.8 
21 1 407.0 
21 2 408.5 
22 1 326.3 
22 2 258.3 
22 3 161.0 
23 1 554.7 
23 2 287.4 
23 3 100.6 
24 1 566.8 
24 2 320.7 
24 3 86.2 
26 1 383.9 
26 2 309.6 
30 1 401.0 
30 2 96.8 
31 1 348.6 
31 2 124.5 
35 1 318.2 
35 2 114.5 
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Tree volume increment relationships 
The relationship between tree volume increment and tree leaf area across the different 
cohorts was determined. To assess the relationship between volume increment and tree leaf area 
all trees from a single cohort were combined from all three of the study areas since the goal of 
this study was to create stocking guidelines for the entire central and western region of Montana, 
not each specific study area. All trees from a particular cohort were combined from all multi-
aged plots regardless if the plot was a two- or three- cohort plot. For example, all trees from 
cohort 1 from both two- and three-cohort stands were grouped together. This grouping was used 
because little or no differences were observed when I grouped the cohorts by the composition of 
the stand in which they were located (two- or three-cohort stand). O'Hara (1996) also found 
only minor differences in tree increment-leaf area equations for a particular cohort class related 
to the number of other younger cohorts present. O'Hara (1996) interpreted this to mean 
competition on a cohort is primarily one-sided. Trees of a particular cohort compete with older 
and same-age trees, not younger trees. 
Tree increment was strongly related to leaf area in the multi-aged plots among the 
different cohorts and strata. Linear equations provided a strong fit for the second cohort and the 
understory indicating in these groups that volume increment per tree increased linearly with 
increasing leaf area per tree (Figure 7 and 8). Nonlinear equations provided a stronger fit for the 
first and third cohorts and the overstory. All regression equations had a r2 of 0.75 or higher. 
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Cohort 1 
V = -0.0015226 + 0.0011348 * LAA 0.7199638 
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Figure 7. Relationships and regression equations between individual tree increment in m3 and 
individual tree leaf area in m2 by cohort for multi-aged stands in central and western Montana. 
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Overstory 
V = -0.0011674 + 0.0008347 * LA A 0.7860507 
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Figure 8. Relationships and regression equations between individual tree increment in m3/yr and leaf 
area in m2 by canopy strata for multi-aged stands in central and western Montana. 
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Model - LPP-MASAM 
A model was developed in this study to assess multi-aged stocking relationships in 
lodgepole pine. This model follows the same design as PP-MASAM (O'Hara 1996). Stand and 
individual tree growth increment for lodgepole pine type forests will be predicted given various 
different leaf area allocations among age classes or crown classes. This model allows users to 
assess the potential of different stand treatments in lodgepoie pine forests. The mode! developed 
in this study, LPP-MASAM, incorporated the tree increment equations discussed in the above 
section. These tree increment equations predicted tree increment as a function of tree leaf area 
for each age class or grouping of canopy strata (overstory vs. understory). Therefore this model 
can predict gross and recoverable stand volume increment for different stocking assumptions 
over one cutting cycle. Once the stand structure of a target stand is determined the model can 
provide an estimate of stand and individual tree increment and an estimate of average tree vigors. 
To implement the model, users must input certain parameters describing the stand 
structure: (1) number of age classes or cohorts or strata desired in a target stand, (2) number of 
trees per hectare in a cohort or strata, (3) total leaf area of a cohort or strata, (4) total stand LAI. 
These parameters describing stand structure will be a function of management objectives. These 
management objectives may range from improving forest health, protecting watersheds, or 
managing for timber production. The multi-aged lodgepole pine that was found and sampled for 
this study did not occur in structures containing more than 3 separate age cohorts. Therefore the 
scope of LPP-MASAM is even-aged and multi-aged lodgepole pine containing no more than 
three separate age classes or cohorts. 
Five different hypothetical stocking scenarios were created to assess the potential of 
different stand structures and leaf area allocation among the cohorts. The four different 
scenarios tested range from stand structures resembling a shelterwood with reserves cutting 
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regime to various two-aged stand scenarios. These scenarios represent stand structures that 
would be most biologically feasible and sustainable given the characteristics of lodgepole pine 
type stands. 
Scenarios that are not sustainable or produce low levels of volume increment can be 
detected by LPP-MASAM so the user is made aware of possible outcomes of certain stand 
structure combinations. Some scenarios that are not biologically feasible in lodgepole pine 
because of the species susceptibility to windthrow, infestation by mountain pine beetle, and 
mistletoe; may appear to be productive by LPP-MASAM. As with all stocking tools, the 
environment in which the trees are growing and the biological characteristics of the tree species 
must be considered. 
LPP-MASAM also assesses the potential of stands based on leaf area allocation among 
canopy strata. As shown in the results there was as strong a relationship between tree volume 
increment and leaf area per tree among canopy strata as there was among age classes or 
cohorts(Figures 7 and 8). These equations have been incorporated into the model to make the 
model more practical for different users. In the lodgepole pine type stands it is very hard to 
distinguish one age class from another. 
Allocating leaf area among canopy classes provides land managers with an alternative 
stand structure characteristic (canopy strata vs. cohorts) among which to allocate leaf area. 
Canopy strata classification in this study was determined by visual inspection of the crown and 
was not as time intensive to determine as the age of trees. Aging trees in a lodgepole pine stand 
can only be accurately done by coring a large percentage of the trees in the stand. 
The model predicts individual tree, cohort and stand increment on an annual basis given 
total stand LAI, tree density per cohort, number of cohorts and growing space allocation per 
cohort. LPP-MASAM, as did PP-MASAM (O'Hara 1996), predicts increment over only one 
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cutting cycle because multi-aged stands are assumed to duplicate their growth from one cutting 
cycle to the next, under ideal conditions. LPP-MASAM assumes a conventional uneven-aged 
system in which the oldest cohort is completely removed at the end of each cutting cycle and the 
younger cohorts are thinned to a lower density Either natural or artificial regeneration is 
assumed to occur as long as sufficient growing space is available at the beginning of the cutting 
cycle. At the end of the cutting cycle the cutting treatment removes the oldest cohort and each 
cohort advances in rank by one age class. After the cutting treatment cohort 2 is the oldest 
cohort because cohort 1 was completely removed, therefore cohort 2 becomes cohort 1. The total 
number of trees in the stand and leaf area per cohort and tree is lowest immediately after the 
cutting treatment and then increases throughout the rotation. 
A user specifies the target total LAI of a desired stand structure and then inputs the 
number of trees per cohort(or canopy strata), and the percent of growing space allocated to each 
cohort (or canopy strata) (Figure 9). The model then calculates LAI per cohort/canopy strata and 
leaf area per tree and per cohort/canopy strata at the beginning and end of the cutting cycle 
(Figure 9). Increment per tree and per cohort/canopy strata is estimated based on the 
relationships found between tree volume increment and leaf area per tree for different cohorts 
and canopy strata(Figures 7 and 8). 
Tree growth rates are assumed to increase during the cutting cycle, therefore 
cohort/strata increment varies during the cutting cycle. LPP-MASAM assumes a linear increase 
in tree growth as did PP-MASAM (O'Hara 1996). As in PP-MASAM (O'Hara 1996), LPP-
MASAM calculates total cohort increment as the product of cohort density and the average of 
beginning- and end-of-cutting cycle tree growth for each cutting cycle. Total cohort increment 
was determined using the equation: 
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LCN = [DCN x (TB+TE)/2] 
where 
Icn = gross increment for cohort n during the cutting cycle (m3/ha/yr) 
Den = prescribed number of trees per hectare for cohort n, 
TB = predicted average tree increment for cohort n at the beginning of the cutting cycle, estimated 
from beginning of cutting cycle leaf area. TB for the youngest cohort in any stand would equal 0. 
TE — predicted average tree increment for cohort n at the end of the cutting cycle, estimated from 
end of cutting cycle leaf area. 
Therefore gross increment for a three cohort stand was calculated as: 
Is ~ Id + Ic2 + Ich, 
where 
Is — gross increment for the entire stand during the cutting cycle. 
LPP-MASAM also calculates recoverable volume increment. When assessing stocking 
relationships it could be useful to be able to predict the recoverable volume increment of a stand. 
Stands containing mostly smaller trees will produce less recoverable volume than stands with 
fewer larger trees. 
The model then predicts basal area per cohort/strata and basal area of the stand. Basal 
area was predicted using the relationships between LAI per cohort/strata and basal area per 
cohort/strata (Figures 10 and 11). The relationship between LAI and basal area of canopy strata 1 
and 2 was nonlinear. A power function provided the best fit for this relationship. Stand basal 




Total LAI 2.0 
Overstory Understory 
trees/ canopy strata/ 576 624 
growing space/strata 70 30 
MODEL OUTPUTS 
Overstory Understory 
LAI per strata 1.4 0.60 
Leaf area per tree ECC (m2) 24.5 9.7 
Leaf area per tree BCC (m2) 9.7 4.1 
Increment per tree (m3/yr) 0.01 0.003 
Increment per ha (m3/yr) 3.6 1.9 
increment/strata m3/yr 2.7 1.0 
Ave GSE cm3/m2/yr) 251.5 318.3 
Est. BA /strata (cm2Jm2) 28.3 9.0 
Stand increment (m3/ha/yr) 3.6 
stand ba (cm2/m2) 37.2 
recoverable inc/stand (m3/ha/yr) 3.6 
Figure 9. Model input and output of a given scenario allocating LAI among canopy strata. 
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Cohort 1 
BA = 0.644 + 6.717 * LAI 
N = 17 Rsquare = 0.829 
30 
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Figure 11. Relationships and regression equations between LAI per canopy strata and basal area per 
canopy strata in (mVha). 
Stocking Scenarios 
LPP-MASAM cohort model. 
Five hypothetical stocking scenarios were compared using the LPP-MASAM cohort 
model. Each different scenario has a distinct density/cohort regime and leaf area/cohort regime. 
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A shelterwood with reserves type of cutting regime is simulated in at least one of the scenarios, 
since it seems to be one of the more practical and applicable methods of managing lodgepole 
pine in a multi-aged structure. 
1. Linear increasing LAI allocation with increasing cohort age, moderate density. Trees per 
hectare equals 1200. Tree densities were 228, 336, and 636 for cohorts 1 through 3, 
respectively. Tree density per cohort was derived from the data collected in this study on 3 
cohort stands with similar LAI distribution. Cohort 1 was allotted 70% of LAI, cohort 2 was 
allotted 25% of LAI, and cohort 3 was allotted 5% of LAI. 
2. Linear increasing LAI allocation with increasing cohort age, low density. Trees per hectare 
equals 800. This regime was taken from an actual stand studied and managed in a study by 
Alexander (1986). The stand goal was to approximate a q-factor of 1.3. Tree densities were 
112, 320, and 368 for cohorts 1 through 3, respectively. The pattern of LAI allocation used 
was taken from the pattern observed in study plots containing 3 cohorts. Cohort 1 was 
allotted 45% of LAI, cohort 2 was allotted 35% of LAI, and cohort 3 was allotted 20% of 
LAI. 
3. Equal allocation of LAI, moderate density. Trees per hectare equals 1650. Tree densities 
were 400 and 1250 for cohorts 1 and 2 respectively. These densities were approximated 
from data for similar plots sampled during this study. Cohort 1 was allocated 55% of LAI 
and cohort 2 was allocated 45% of LAI. 
4- Linear increasing LAI allocation with increasing cohort age, high density. Trees per hectare 
equals 3300. Tree densities were 350 and 2950 for cohorts 1 and 2, respectively. These 
densities were also approximated from plot data gathered in this study. Cohort 1 was 
allocated 70% of LAI and cohort 2 was allocated 30% of LAI. 
5. Exponentially increasing LAI allocation with increasing cohort age, low density Trees per 
hectare equals 1188. Tree densities were 301 and 887 for cohorts 1 and 2, respectively. 
These densities were approximated from the stand studied by Alexander (1986). The stand 
approximates a q-factor of 1.3. Cohort 1 was allocated 90% of LAI and cohort 2 was 
allocated 10% of LAI. 
LPP-MASAM canopy strata model. 
Five different scenarios were evaluated using the LPP-MASAM canopy strata model. 
Each scenario has a distinct density/strata and leaf area/strata regime. LPP-MASAM canopy 
strata model uses two canopy strata groupings. Dominant and codominant trees were grouped 
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together forming overstory strata. Intermediate and suppressed trees were grouped together 
forming the understory strata. 
1. Exponentially increasing LAI allocation from understory to overstory, high density. Trees 
per hectare equals 3200. Tree densities were 1050 and 2150 for the overstory, and the 
understory, respectively. Tree density per canopy strata was derived from the data collected 
in this study for plots with similar leaf area allocation. The overstory was allotted 80% of 
LAI and the understory was allotted 20% of LAI. 
2. Equal LAI allocation, low density. Trees per hectare equals 700. Tree densities were 133 
and 567 for the overstory, and the understory, respectively. Once again, the tree densities per 
canopy strata were modeled after data collected in this study. The overstory was allotted 
55% of LAI and the understory was allotted 45% of LAI. 
3. Linear increasing LAI allocation from understory to overstory, moderate density, Trees per 
hectare equals 1200. Tree densities per canopy strata were approximately equal at 576 trees 
in the overstory and 624 trees in the understory. The overstoiy was allotted 70% of LAI and 
the understory was allotted 30% of LAI. 
4- Linear increasing LAI allocation from understory to overstory, high density. Trees per 
hectare equals 2500. Tree densities per canopy strata were 850 and 1650, respectively. The 
overstory was allotted 60% of LAI and the understory was allotted 40% of LAI. 
5. Exponentially increasing LAI allocation from the understory to the overstory, moderate 
density. Trees per hectare equals 1700. Tree densities per canopy strata were 700 and 1000, 
respectively. This was a tree density scenario I derived from my data collected in the field. I 
found this stand structure/tree density distribution occurring in unmanaged stands of 
lodgepole pine. The overstory was allotted 90% of LAI and the understory was allotted 10% 
of LAI. 
LPP-MASAM does not attempt to model regeneration. An LAI of 2.0 was 55% of the 
maximum LAI measured in the sampled stand. This LAI should allow sufficient growing space 
for regeneration. LPP-MASAM assumes if growing space is available then natural regeneration 
will occur as did PP-MASAM (O'Hara 1996). Growing space should be plentiful under all the 
scenarios tested in this study since the oldest cohorts, which are completely removed at the end 
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of the cutting cycle, have the highest amounts of leaf area. After the removal of the oldest cohort 
sufficient light and resources should be available to the younger cohorts. 
Cutting cycle lengths/Sustainability 
LPP-MASAM does not provide cutting cycle lengths. Instead of specifying a cutting 
cycle length the average annual tree growth rates over a cutting cycle are estimated. Cutting 
cycle length can then be determined by the user based on the estimated annual growth compared 
to target stand objectives. An uneven-aged stand could be considered sustainable if periodic 
volume increment equals the harvested volume over time (Smith 1986, pp. 445-446). Growth 
and harvest do not equal each other in a given year, but should be equal over a cutting cycle. 
Volume removed in any administered treatment should equal volume grown over a previous 
cutting cycle. 
The time it takes a cohort 2 tree to grow to the average size of a cohort 1 tree would be 
an example of a possible cutting cycle length. A cutting cycle in which volume increment 
growth over time equals the amount of volume removed during a cutting treatment is sustainable, 
therefore, desirable. Cutting cycle lengths can be derived from the predicted growth rates 
provided by LPP-MASAM. For example if the increment growth per tree in cohort 2 = 0.00218 
m3/yr, and the average size of a cohort 2 tree is 0.075m3 and the average size of a cohort 1 tree is 
0.2187 m3(calculated average from the data collected in this study) it would take a cohort 2 tree 
66 years to become the size of a cohort 1 tree. It would take 110 years for an understory tree 
growing 0.00188 m3/yr to grow from 0.015m3 to 0.221m3 (average tree sizes for understory and 
overstory strata trees derived from data). 
Another criterion forjudging whether a particular stand structure is biologically feasible 
and sustainable can be whether the cutting cycle is a reasonable, implementable length. In 
canopy strata scenario 1, it would take an average size understory tree 500 years to grow to 
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0.221m3, the average size of an overstory tree. In canopy strata scenario 1 the understory 
contains 2150 trees and is only allotted 20% of LAI. In order for this many trees to makeup only 
20% of stand LAI these trees must be small and suppressed, probably of low vigor due to stiff 
competition and at the current density all the trees will be growing slowly and stunted until many 
are outcompeted and die off. 
Model scenario results 
Cutting cycle stand increment of the various cohort class scenarios ranged from 2.07 to 
3.08 m3ha"1yr"1. Cutting cycle stand increment of the various canopy strata scenarios ranged 
from 2.30 to 2.80 m3ha"'yr1 1° each model, comparable scenarios were run, linear increasing 
LAI allocation, equal LAI allocation, exponentially increasing LAI allocation; and linear 
decreasing density. An exponentially decreasing density scenario was used only in the LPP-
MASAM cohort model. 
Stand structure scenarios that produced the higher gross increments were those that 
allotted the highest percentage of LAI to the oldest age class or the overstory and had low to 
moderate overall stand densities (Tables 14 and 15). In the canopy strata model the scenario that 
allocated equal percentage LAI to both the overstory and understory had the lowest cutting cycle 
stand increment. In the cohort model the scenario that allocated 70% of LAI to only 350 trees in 
oldest cohort and 30% of LAI to 2950 trees in the youngest cohort resulted in the lowest cutting 
cycle stand increment (Tables 14 and 15). This scenario with 2950 trees allotted 30% of LAI 
results in one of the lowest increment per tree rates for a cohort 2 in this study (Table 14). Under 
this scenario there was too much density in the second cohort and tree growth was stunted and 
many trees will be outcompeted and die. This scenario could lead to high mortality in the second 
cohort. When the youngest cohort of a three cohort stand was allotted only 5% of the stand LAI 
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and contained 850 trees per hectare the average tree vigor fell below the minimum threshold 
vigor for resistance to mountain pine beetle attack (Table 14). 
These results indicate some scenarios did not allocate enough LAI to highly stocked 
younger cohorts, resulting in unhealthy, slow growing trees in that cohort. Stands with a larger 
percentage of LAI allocated to the older cohort classes or the overstory produce more volume 
increment. The older cohort classes usually comprise the overstory and are the larger, faster 
growing trees in a stand. When more LAI was allotted to these classes the trees are able to 
Table 14. LPP-MASAM (using the tree vol increment/leaf area equations per cohort) results for different density and leaf area scenarios using the 
cohort class model. Cohort rank changes during a cutting cycle refer to the advancement of a cohort to the next cohort ie. cohort 3 becomes cohort 2. 





Scenario Stand density Leaf area/ 
cohort regime 










1 moderate linear inc. 1.9 0.44 0.07 369 294 286 2.4 2.4 
2 low linear inc. 1.3 1.2 0.56 346 287 559 3.1 3.0 
3 moderate equal 1.7 0.71 422 313 2.4 2.4 
4 high linear inc. 1.6 0.60 410 397 2.2 2.2 
5 low exp. inc 1.9 0.19 384 385 2.1 2.1 
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Table 15. LPP-MASAM (using the tree vol increment/leaf area equations per canopy strata) results for different density and leaf area scenarios using 
the canopy strata model. Cohort rank changes during a cutting cycle refer to the advancement of a cohort to the next cohort ie. cohort 3 becomes 







Scenario Stand density Leaf area/ 
cohort regime 






cutting cycle (m3ha' 
V"1) 
1 high exp. inc. 2.100 0.600 219 308 2.7 2.4 
2 low equal 1.500 1,400 202 316 2.9 1.9 
3 moderate linear inc. 2.800 1.000 270 331 3.8 3.8 
4 high linear inc. 2.200 1.200 264 303 3.4 2.9 
5 moderate linear inc. 2.100 0.200 211 223 2.3 2.2 
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better utilize the sun and other resources and grow faster. More LAI allotted to the 
younger cohort classes and the understory might result in lower stand productivity because these 
trees are growing slower and require less growing space. In lodgepole pine regeneration the new 
growth tends to establish at high densities resulting in overstocking which leads to high mortality 
rates in the younger cohorts as natural thinning of the stand occurs when trees are outcompeted 
and die. 
O'Hara (1996) challenged the assumptions of the "balanced" q-factor approach and 
concluded that growing space should not be allocated equally among age/size classes, and many 
structures were sustainable beyond those represented by a negative exponential diameter 
distribution. O'Hara found through his study that equal allocation of growing space to each 
cohort reduced gross and recoverable increment because too much space was being allotted to 
the younger cohorts. O'Hara further concluded that a healthy understory or new growth can be 
maintained when allocated less than an equal amount of growing space (O'Hara 1996). The 
results of the LPP-MASAM model which ran scenarios characteristic of natural uneven-aged 
lodgepole pine stands sampled during this study were consistent with O'Hara's findings. 
Evaluation of LPP-MASAM 
LPP-MASAM was tested using the tree volume increment equations developed for each 
of the different cohorts and actual plot data. The numbers of trees and leaf area per cohort from 
the actual plot data were used in LPP-MASAM to predict annual gross increment of the 
measured plots. The model equations were reformatted to sum cohort growth rates without 
averaging the beginning and end of cutting cycle growth rates. The annual gross increment 
predicted for the plots by LPP-MASAM was compared with the annual gross increment figured 
directly from the plot data. The results of the comparison indicate the model explains 68% of the 
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variation in observed increment. Using only LAI to predict increment growth explained 38% of 
the variation in observed increment. 
Tree Vigor 
Tree vigor can be used as an indicator of forest health. Several studies have found a 
correlation between tree mortality due to mountain pine beetle infestation and tree vigor (Waring 
and Pitman 1985, Amman et al. 1988). Waring and Pitman, 1985, found that trees with growth 
efficiencies less than or equal to 70gm"2yr"' were most likely to be attacked and successfully 
killed, whereas trees with vigors greater than 100 g m"2yr"' were attacked less and few that were 
attacked were killed. This threshold vigor level 100 gm^yr"1 corresponds to 263.2 cm3m"2yr"1 
using the specific gravity of lodgepole pine in units used to measure tree vigor in this study and 
the lower limit of 70 gm"2yr"' corresponds to 184.2 cm3m"2 yr'1 . 
Vigor was calculated by LPP-MASAM incorporating a means of assessing tree 
susceptibility to insects and pathogens. Tree vigors provided by LPP-MASAM can be used to 
evaluate and compare the health of the average tree in various stand structures. The understory 
often had higher tree vigor values than the overstory in the canopy strata scenarios, meaning the 
understory trees were putting on more wood at lower leaf areas, growing more efficiently. 
SDI Results 
An objective of this study was to determine the relationship between Stand Density 
Index, SDI, and LAI for multi-aged lodgepole pine structures. SDI was calculated for each 
lodgepole pine plot sampled in this study using the method described by Long and Daniel (1990). 
Then a regression was run between SDI and LAI using only the data from the multi-aged 
lodgepole pine plots. LAI could not be predicted from SDI calculated for the multi-aged 
lodgepole pine. 
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Management Implications of using the model. 
This stocking system incorporates age and canopy strata structure into the stocking 
relationships and has the flexibility to evaluate two or three cohort stand structures. Different 
stand structures were assessed by allocating different amounts of growing space to the different 
cohorts or canopy strata, and evaluating stand growth in terms of volume increment and vigor. 
This assessment method provides a direct link between stocking and site productivity because 
LAI is used to represent available growing space. Better sites will support higher LAI. The site 
conditions are described through LAI. 
The model does not attempt to simulate regeneration. It is assumed that if adequate 
growing space is available after a cutting treatment natural regeneration will occur and can be 
supplemented by artificial planting. Neither the model nor this study addresses problems and 
damage to residual trees that may occur from using different selective harvesting techniques. 
Thirdly, this study does not attempt to discuss or model lodgepole pine mortality relationships. 
Mortality directly affects density relationships and should be considered when selecting a density 
management regime. 
Further research is needed to determine if multi-age lodgepole pine stands support higher 
LAI than even-aged lodgepole pine stands. Additional sampling throughout lodgepole pine type 
forests in Montana might better support or refute this conclusion. 
This study would have been enhanced if a sapwood area-leaf area equation could have 
been developed locally during the study. The sapwood area-leaf area equation used in this study 
was developed from trees in southeastern Wyoming. 
Further research in the implementation and management of lodgepole pine forests in 
multi-age structures is needed to determine the sustainability of such stand structures. Dwarf 
mistletoe infection may be more of a problem in multi-age lodgepole pine stands due to the 
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transport method of the disease. Multi-age management regimes in lodgepole pine may lead to 
increased resistance to infestation by the mountain pine beetle. Different multi-age silvicultural 
harvesting systems implemented in lodgepole pine forests may also aid in pre-suppression fire 
management regimes as well as provide recoverable tree volume increment, and aesthetically 
enhance the surrounding landscape. 
Conclusions/Summary 
Lodgepole pine is occurring in multi-age structures in central and western Montana as a 
result of natural disturbance regimes. The multi-age lodgepole pine sampled in this study 
appeared to be the result of wildfire regimes and combinations of local disturbance events such 
as windthrow, dwarf mistletoe disease, and mountain pine beetle infestation. Lodgepole pine's 
susceptibility to dwarf mistletoe infection, natural wildfire regimes, mountain pine beetle 
infestation, and windthrow disturbance were all reasons for the clearcutting harvest method 
commonly used in this forest type. These same disturbance agents also lead to the creation of 
multi-age lodgepole pine stand structures. The multi-aged stands sampled in this study formed 
structures containing two to three different age cohorts. 
The multi-aged stands in this study produced more leaf area and occurred at higher 
densities than the even-aged stands. The oldest cohort and the overstory in multi-age stands had 
more leaf area than the second and third cohorts or the understory. Generally leaf area per cohort 
decreased with decreasing age and decreased from the overstory to the understory. 
There were strong relationships between tree volume increment and individual tree leaf 
area among the different cohort classes as well as among the different canopy strata. These 
strong linear relationships were used in the model LPP-MASAM to predict volume increment 
from LAI allocation, cohort density, and tree leaf area for both cohort classes and canopy strata. 
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This study suggests lodgepole pine could be successfully managed in multi-age 
structures in western and central Montana when growing space is divided appropriately among 
age classes or canopy strata. Stands that produced the most recoverable volume were those in 
which 60% or greater of the LAI was allocated to the overstory or those scenarios in which 80% 
was allocated to the two oldest cohorts. The model results indicated that healthy understories 
and younger cohorts could be created and maintained by allocating approximately 10% or more 
of stand LAI and maintaining moderate densities among these younger trees. 
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Appendix A. Results of LPP-MASAM cohort model scenarios. 
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Scenario 1 
LPP-MASAM Cohort Model 
Total LAI 2 
cohort 1 cohort 2 cohort 3 stand 
Trees per cohort per ha 228 336 636 1200 
Growing space per cohort (%) 70 25 5 
LAI/Cohort 1.4 0.5 0.1 2 
Leaf area/Tree ECC 61.40 14.88 1.57 
Leaf area/ Tree BCC 14.88 1.57 0 
Volume increment/ tree (m3/yr) 0.0141 0.0024 0.0002 
Volume Increment /CohortfrriVyr) 1.88 0.44 0.07 
Avg. Tree Vigor (cm3/m2/yr) ECC 369.41 294.59 286.51 
Est BA/ cohort (m2/ha) 10.05 2.96 0.57 13.58 
Quadratic Mean DBH/ Cohort (cm) 26.31 11.76 3.75 
Cutting Cycle Stand Increment (m3/ha/yr) 2.40 
ECCSD 1071.86 435.71 132.48 1640.06 
BCCSD 295.66 69.99 365.65 
Stand ba (m2/ha) 13.58 
Recoverable increment/stand (rri3/hafyr) 2.37 
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Scenario 2 
LPP-MASAM Cohort Model 
Total LAI 2 
cohort 1 cohort 2 cohort 3 stand 
Trees per cohort per ha 112 320 368 800 
Growing space per cohort (%) 45 35 20 
LAI/Cohort 0.9 0.7 0.4 2 
Leaf area/Tree ECC (m2) 80.36 21.88 10.87 
Leaf area/ Tree BCC (m2) 21.88 10.87 0 
Volume increment/ tree (m3/yr) 0.0178 0.0047 0.0030 
Volume Increment /Cohort(m3/yr) 1.26 1.24 0.56 
Avg. Tree Vigor (cm3/m2/yr) ECC 347.32 287.33 556.22 
Est. BA/ cohort (m2/ha) 6.69 4 1.68 12.37 
Quadratic Mean DBH/ Cohort (cm) 30.63 14.01 8.46 
Cutting Cycle Stand Increment (m3/ha/yr) 3.05 
ECC SDI 671.50 549.00 281.53 1502.03 
BCC SDI 192.15 244.81 436.96 
Stand ba (m2/ha) 12.37 
Recoverable increment/stand (m3/ha/yr) 3.01 
Scenario 3 
LPP-MASAM Cohort Model 
Total LAI 2 
cohort 1 cohort 2 cohort 3 stand 
Trees per cohort per ha 400 1250 0 1650 
Growing space per cohort (%) 55 45 0 
LAI/Cohort 1.1 0.9 0 2 
Leaf area/Tree ECC (m2) 27.50 7.20 0.00 
Leaf area/ Tree BCC (m2) 7.20 0.00 0 
Volume increment/ tree (m3/yr) 0.0073 0.0011 0.0000 
Volume Increment /Cohort(m3/yr) 1.69 0.71 0.00 
Avg. Tree Vigor (cm3/m2/yr) ECC 422.60 313.33 0.00 
Est BA/ cohort (m2/ha) 8.03 5.04 0.00 13.07 
Quadratic Mean DBH/ Cohort (cm) 17.76 7.96 0.00 
Cutting Cycle Stand Increment (m3/ha/yr) 2.40 
ECC SOI 1002.76 867.41 0.00 1870.16 
BCCSDI 277.57 0.00 277.57 
Stand ba (m2/ha) 13.07 
Recoverable increment/stand (m3/ha/yr) 2.40 
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Scenario 4 
LPP-MASAM Cohort Model 
Total LAI 2 
cohort 1 cohort 2 cohort 3 stand 
Trees per cohort per ha 350 2950 0 3300 
Growing space per cohort (%) 70 30 0 
LAI/Cohort 14 0.6 0 2 
Leaf area/Tree ECC (m2) 40.00 2.03 0.00 
Leaf area/ Tree BCC (m2) 2.03 0.00 0 
Volume increment/ tree (m3/yr) 0 0086 0.0004 0.0000 
Volume Increment /Cohort(m3/yr) 1.58 0.60 0.00 
Avg. Tree Vigor (cm3/m2/yr) ECC 411.23 398.00 0.00 
Est. BA/ cohort (m2/ha) 10.05 3.48 0.00 13.53 
Quadratic Mean DBH/ Cohort (cm) 21.24 4.30 0.00 
Cutting Cycle Stand Increment (m3/ha/yr) 2.18 
ECC SDI 1167.79 765.81 0.00 1933.61 
BCC SDI 90.86 0.00 90.86 
Stand ba (m2/ha) 13.53 
Recoverable increment/stand (m3/ha/yr) 2.18 
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Scenario 5 
LPP-MASAM Cohort Model 
Total LAI 2 
cohort 1 cohort 2 cohort 3 stand 
Trees per cohort per ha 301 887 0 1188 
Growing space per cohort (%) 90 10 0 
LAI/Cohort 1.8 0.2 0 2 
Leaf area/Tree ECC (m2) 59.80 2.25 0.00 
Leaf area/ Tree BCC (m2) 2.25 0.00 0 
Volume increment/ tree (m3/yr) 0.0119 0.0004 0.0000 
Volume Increment /Cohort(m3/yr) 1.86 0.19 0.00 
Avg. Tree Vigor (cm3/m2/yr) ECC 384.61 386.44 0.00 
Est. BA/ cohort (m2/ha) 12.73 1.4 0.00 14.13 
Quadratic Mean DBH/ Cohort (cm) 25.78 4.98 0.00 
Cutting Cycle Stand Increment (m3/ha/yr) 2.05 
ECC SDI 1369.61 290.66 0.00 1660.27 
BCC SDI 98.63 0.00 98.63 
Stand ba (m2/ha) 14.13 
Recoverable increment/stand (m3/ha/yr) 2.05 
Appendix B. Results of LPP-MASAM Canopy Strata Model scenarios. 
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Scenario 1 
LPP-MASAM Canopy Strata Model 
Total LAI 2.0 
Overstory Understory Stand Totals 
Trees/Ha by Canopy Strata 1050 2150 3200 
Percent Growing Space (LAI) by Canopy Strata 80 20 100 
LAI per canopy strata 1.6 0.4 2.0 
Leaf area per tree ECC (m2) 15.2 1.9 17.1 
Leaf area per tree BCC (m2) 1.9 1.2 3.0 
Volume Increment per tree (m3/yr) 0.0033 0.0006 
Volume Increment per ha (m3/yr) 3.5 1.2 
Volume Increment/Canopy Strata (m3/ha/yr) 2.1 0.6 
Ave growing space efficiency (cm3/m2/yr) 219.29 308.53 
Est. BA per canopy strata (m2/ha) 12 2 
Quadratic Mean DBH/Canopy Strata (cm) 13.55 4.18 
Stand increment (m3/ha/yr) 2.7 
ECC SDI 1707.05 
BCC SDI 259.60 
Stand ba (m2/ha) 14.66 
Recoverable inc per stand (m3/ha/yr) 2.39 
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Scenario 2 
LPP-MASAM Canopy Strata Model 
Total LAI 2.0 
Overstory Understory Stand Totals 
Trees/Ha by Canopy Strata 133 567 700 
Percent Growing Space (LAI) by Canopy Strata 55 45 100 
LAI per canopy strata 1.1 0.9 2.0 
Leaf area per tree ECC (m2) 82.7 15.9 98.6 
Leaf area per tree BCC (m2) 15.9 4.5 20.4 
Volume Increment per tree (m3/yr) 0.0167 0.0050 
Volume Increment per ha (m3/yr) 2.2 2.8 
Volume Increment/Canopy Strata (m3/ha/yr) 14 14 
Ave growing space efficiency (cm3/m2/yr) 201.95 315.91 
Est. BA per canopy strata (m2/ha) 10 5 
Quadratic Mean DBH/Canopy Strata (cm) 33.91 11.79 
Stand increment (m3/ha/yr) 2.9 
ECC SDI 938.32 
BCC SDI 173.16 
Stand ba (m2/ha) 1476 
Recoverable inc per stand (m3/ha/yr) 1.85 
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Scenario 3 
LPP-MASAM Canopy Strata Model 
Total LAI 2.0 
Overstory Understory Stand Totals 
Trees/Ha by Canopy Strata 576 624 1200 
Percent Growing Space (LAI) by Canopy Strata 70 30 100 
LAI per canopy strata 1.4 0.6 2.0 
Leaf area per tree ECC (m2) 24.3 9.6 33.9 
Leaf area per tree BCC (m2) 9.6 4.1 13.7 
Volume Increment per tree (m3/yr) 0.0066 0.0032 
Volume Increment per ha (m3/yr) 3.8 2.0 
Volume Increment/Canopy Strata (m3/ha/yr) 2.8 1.0 
Ave growing space efficiency (cm3/m2/yr) 269.82 330.96 
Est. BA per canopy strata (m2/ha) 11 3 
Quadratic Mean DBH/Canopy Strata (cm) 17.56 9.31 
Stand increment (m3/ha/yr) 3.8 
ECC SDI 1417.34 
BCC SDI 513.33 
Stand ba (m2/ha) 14.74 
Recoverable inc per stand (m3/ha/yr) 3.77 
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Scenario 4 
LPP-MASAM Canopy Strata Model 
Total LAI 2.0 
Overstory Understory Stand Totals 
Trees/Ha by Canopy Strata 850 1650 2500 
Percent Growing Space (LAI) by Canopy Strata 60 40 100 
LAI per canopy strata 1.2 0.8 2.0 
Leaf area per tree ECC (m2) 14.1 4.8 19.0 
Leaf area per tree BCC (m2) 4.8 1.5 6.4 
Volume Increment per tree (m3/yr) 0.0037 0.0015 
Volume Increment per ha (m3/yr) 3.2 2.4 
Volume Increment/Canopy Strata (m3/ha/yr) 2.2 1.2 
Ave growing space efficiency (cm3/m2/yr) 263.81 303.58 
Est. BA per canopy strata (m2/ha) 10 4 
Quadratic Mean DBH/Canopy Strata (cm) 13.78 6.54 
Stand increment (m3/ha/yr) 3.4 
ECC SDI 1419.63 
BCC SDI 430.91 
Stand ba (m2/ha) 1477 
Recoverable inc per stand (m3/ha/yr) 2.8S 
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Scenario 5 
LPP-MASAM Canopy Strata Model 
Total LAI 2.0 
Overstory Understory Stand Totals 
Trees/Ha by Canopy Strata 700 1000 1700 
Percent Growing Space (LAI) by Canopy Strata 90 10 100 
LAI per canopy strata 1.8 0.2 2.0 
Leaf area per tree ECC (m2) 25.7 2.0 27.7 
Leaf area per tree BCC (m2) 2.0 0.0 2.0 
Volume Increment per tree (m3/yr) 0.0054 0.0004 
Volume Increment per ha (m3/yr) 3.8 0.4 
Volume Increment/Canopy Strata (m3/ha/yr) 2.1 0.2 
Ave growing space efficiency (cm3/m2/yr) 210.91 223.00 
Est. BA per canopy strata (m2/ha) 13 1 
Quadratic Mean DBH/Canopy Strata (cm) 17.21 4.58 
Stand increment (m3/ha/yr) 2.3 
ECC SDI 1668.15 
BCC SDI 200.33 
Stand ba (m2/ha) 14.53 
Recoverable inc per stand (m3/ha/yr) 2.22 
